The alignment of the 28S gene of several species of Pezizales allowed to select two pairs of primers able to amplify the internal transcribed spacer region of ribosomal DNA in mycorrhizal fungi, such as truffles. The higher yield of the amplification product demonstrates a better annealing of the new primers to the rDNA, as compared to the universal primers internal transcribed spacer 1 and internal transcribed spacer 4. Therefore, the new primers can be used as an easier and more sensitive tool for the identification of truffle species in any stage of their life cycle, including the mycorrhizal phase. z
Introduction
Tru¥es are ectomycorrhizal fungi that form a symbiotic relationship, the mycorrhiza, with the roots of both angiosperms and gymnosperms. Mycorrhizae are characterized by the exchange of nutrients and metabolites and provide mutual bene¢ts to both partners [1, 2] . As a consequence, mycorrhizal fungi are of great interest for environmental and forestry applications due to the advantages that the mycorrhizae provide for the host plant.
Furthermore, some ectomycorrhizal fungi, including tru¥es, are also of economic importance in that they are edible. Several Tuber species are used in the commercial production of mycorrhized seedlings. Among these, the most important are Tuber magnatum, Tuber melanosporum (respectively the most prized white and black tru¥es) and, to a lesser degree, Tuber uncinatum, Tuber aestivum and Tuber borchii. Other edible but low quality Tuber species, such as Tuber brumale, Tuber mesentericum, Tuber dryophilum and Tuber puberulum, can be found as contaminants in seedlings inoculated with more valuable species. Therefore, the marketing of seedlings inoculated with various important ectomycorrhizal species, such as those of the genus Tuber, requires the unambiguous identi¢cation of these fungi and certi¢cation of the commercial product.
Molecular methods based on the ampli¢cation and subsequent analysis of the internal transcribed spacer (ITS) region [3, 4] are widely used in the identi¢cation of Tuber species and in the study of interspeci¢c variability among these species [5^8]. However, the ITS1 and ITS4 primers can at times give rise to very poor ampli¢cation in some species, especially when used for the analysis of the mycorrhizal phase. For these reasons, the aim of this study was to select a pair of primers able to amplify the ITS region in a more e¤cient way, for the use in rapid and sensitive identi¢cation of several tru¥e species in any phase of their life cycle.
Materials and methods

Source of fungal material
Fruitbodies of T. magnatum Pico, T. borchii Vittad., T. maculatum Vittad., T. puberulum Berk. and Br., T. dryophilum Tul. and C. Tul., T. brumale Vittad., T. rufum Pico, T. macrosporum Vittad., T. melanosporum Vittad., T. aestivum Vittad., T. excavatum Vittad., T. mesentericum Vittad., T. uncinatum Chatin and T. foetidum Vittad. were collected in natural tru¥e grounds in northern and central Italy. The ascocarps of each species were identi¢ed using the morphological methods of Pegler et al. [9] . Dried samples of each specimen are preserved in the herbarium of the Mycology Centre of Bologna (Italy).
Samples of ectomycorrhizae from roots of Pinus pinea L. mycorrhized with T. borchii, roots of Quercus pubescens Willd. mycorrhized with T. aestivum, roots of Ostrya carpinifolia Scop. mycorrhized with T. maculatum, roots of Corylus avellana L. and Quercus pubescens Willd. mycorrhized with T. magnatum and roots of Quercus pubescens mycorrhized with Sphaerosporella brunnea (A. and S. ex Fr.) Svrcek and Kubicka were obtained from natural tru¥e grounds in central Italy and after mycorrhization in a greenhouse.
DNA extraction
Total genomic DNA was isolated from fruitbodies according to the method of Lee et al. [10] . The ectomycorrhizal DNA was extracted using the method of Henrion et al. [5] without proteinase K in the lysis bu¡er.
Sequencing, alignment and primer analyses
The ITS5/ITS7 ampli¢cation products, obtained starting from the DNA of the species T. magnatum, T. borchii, T. maculatum, T. dryophilum, T.puberulum and T. melanosporum, were ligated into the pCR1 2.1 vector (TA Cloning kit, Invitrogen). Doublestranded plasmid DNA was sequenced using the dideoxy chain termination method with universal M13 reverse and T7 forward primers, according to the Sequenase kit (Amersham) instructions.
The 28S sequences were obtained from GenBank databases at the National Centre for Biotechnology Information (NCBI) and aligned using the Pileup program available as part of the GCGpackage.
To calculate the melting point and test for possible primer-primer interaction, Primer 1.0 (down-loaded from ftp.bio.indiana.edu) was used.
PCR ampli¢cation
The ampli¢cation experiments were performed using a Perkin-Elmer Cetus DNA Thermal Cycler (model 2400) in a 25 Wl mixture volume containing about 100 ng of genomic DNA from fruitbodies or 25 ng from ectomycorrhizae. The PCR reactions with the pairs of primers NS1/NS2 and ITS1/ITS4 [11] were performed as reported in Amicucci et al. [7] . The ampli¢cation reactions with the pairs of primers ITS5 (5P-GGA AGT AAA AGT CGT AAC AAG G-3P)/ITS6 (5P-TAC TGG GGC AAT CCC TGT TG-3P) and ITS5/ITS7 (5P-ACT CGC CGT TAC TGA GGC AAT-3P) were carried out under the following conditions: a denaturation step of 5 min at 94³C, followed by 32 cycles of 15 s at 94³C, 15 s at 56³C and 40 s at 72³C, with a ¢nal step at 72³C for 7 min.
Results
Primer selection
In the present study, the 28S gene sequences of some species present in the GenBank were aligned. The species selected for the alignment belonged to the family Pezizales and in particular to the order Tuberaceae [12] .
The alignment of the 28S sequences allowed the selection of a conservative region of about 33 bp in which two oligonucleotides, named ITS6 (19-mer) and ITS7 (21-mer) and having a small overlapping portion, were selected. The new primers ITS6 and ITS7 are located 28 nucleotides and 37 nucleotides, respectively, upstream ITS4 and were used in alternative as reverse primers coupled with the ITS5 (as forward) [11] . ITS5 was used as forward primer, instead of ITS1, because primer analyses showed that it forms less nucleotide interactions (Fig. 1) and it is more suitable for PCR. The ampli¢cation product obtained by using these primers is slightly bigger in size than the ITS1/ITS4 PCR fragment (Fig. 2) .
Primer analyses
The interaction of the following couples of primers was analyzed: (a) ITS1 and ITS4, (b) ITS5 and ITS6, (c) ITS5 and ITS7. The results of the analyses revealed that primer ITS1 may form a hairpin loop involving seven nucleotide matches and may anneal with other copies of itself in 14 points. Primer ITS4 may fold and anneal against itself in three points and may anneal with other copies of itself in 10 points. The forward primer may anneal with the reverse primer in nine nucleotides. Regarding the pair of primers ITS5 and ITS6, the analyses highlighted that the forward primer may anneal against itself only in three points, in comparison to the four points found for the reverse primers, and may anneal with other copies of itself in six points, versus nine points found for the reverse primer. The forward primer may anneal with the reverse primer only in six points. Finally, with regard to the pair of primers ITS5 and ITS7, the reverse primer may anneal against itself in one point and may anneal with other copies of itself in six points, while the forward may anneal with the reverse primer in six points (Fig. 1). 
PCR ampli¢cation
The pairs of primers ITS1/ITS4, ITS5/ITS6 and ITS5/ITS7 were used in PCR experiments to amplify genomic DNA from ascocarps and ectomycorrhizae of several Tuber species (Table 1) .
The PCR experiments were performed several times on several samples for each species to demonstrate the reproducibility of the method. Each pair of primers gave rise to ampli¢cation products of di¡erent intensity for almost all the species under study (Fig. 3, Fig. 4 , Table 1 ). The di¡er-ent intensities of the bands were evaluated using GelDoc 2000 (Bio-Rad).
These ampli¢cation experiments were preceded by PCR using the NS1 and NS2 universal primers to check the DNA quality.
As shown in Figs. 1 and 3 , the pairs of primers ITS5/ITS6 and ITS5/ITS7 allowed an easy ampli¢ca-tion even when starting from DNA of low quality, which could not be ampli¢ed by using the primers ITS1 and ITS4.
Sequencing of ITS5/ITS7 PCR products
The universal primers ITS1 and ITS4 were aligned with the sequence of the ITS5/ITS7 PCR products, obtained for the Tuber species listed in Section 2, in order to evaluate the possible nucleotide di¡erences. In all the species analyzed, the sequence of the primer ITS4 annealed perfectly with the corresponding sequences in the 28S region, while the sequence of the primer ITS1 shows one insertion point and one deletion point in T. maculatum, one deletion point in T. melanosporum and two substitution points in T. magnatum (data not shown).
Discussion
The availability of e¤cient tools to identify di¡er-ent Tuber species responds to the need of identi¢ca-tion for closely related species of di¡erent economic importance, in particular in the marketing of mycorrhized seedlings.
It has been reported that ITS is a convenient target region for the molecular identi¢cation of mycorrhizal fungi [3, 4] due to its variability in length and in nucleotide content among di¡erent species. Given these features, restriction fragment length polymorphism analyses of the ITS region can be used to reveal molecular interspeci¢c di¡erences allowing an unequivocal classi¢cation in all stages of the truf£e life cycle [5^8,13] .
Despite the very interesting results that have been obtained in the identi¢cation of Tuber species and other ectomycorrhizal fungi, problems in ampli¢ca-tion, when using the so-called universal primers ITS1 and ITS4, frequently occurred. This is in part due to the interference of inhibitors (e.g. phenols) present in the soil and/or in the plant roots. After DNA extraction, a puri¢cation step using commercial kits, can sometimes solve these problems although it makes the procedure much longer and more expensive [8] . In alternative, it is possible to lengthen the time and/or decrease the temperature of the annealing step in PCR experiments, raising the risk of unspeci¢c ampli¢cations. However, the ampli¢cation di¤-culties cannot be solved by increasing the amount of DNA sample used, especially in the analysis of ectomycorrhizae, because the presence of PCR inhibiting substances would also increase. An increase in the annealing temperature used to denature the secondary structures and to exclude the formation of dimers is also unable to improve the PCR yield, because of the low GC content of the oligonucleotides.
These unsuccessful e¡orts indicated that the problems were due to the primer sequences. The analyses of primer-primer interaction, described above, con¢rmed that the high degree of base pair coupling, i.e. when they fold and anneal against themselves, when they anneal with other copies of themselves and when the forward primer anneals with the reverse one, may interfere signi¢cantly with the annealing e¤ciency. This evidence suggested to design, from the alignment of the 28S gene sequences, two oligonucleotides, external with respect to ITS4, to be coupled with the ITS5 primer. The two new pairs of primers allowed to easily amplify the ITS region giving rise, in several Tuber species, to more intense ampli¢cation bands than those obtained when ITS1 and ITS4 were used. The improvement of the ampli¢cation yield was particularly evident in the analyses of ectomycorrhizal DNA, where PCR failure is very frequent. Thus, the primers selected can be used for more rapid and sensitive identi¢cation of tru¥es in any phase of their life cycle.
Furthermore, in order to con¢rm that the PCR failures were caused by the primer sequences, we evaluated whether the sequences of ITS1 and ITS4 were perfectly complementary with the correspond- ing 18S and 28S regions of several Tuber species. The sequence analyses did not highlight any signi¢cant nucleotide di¡erences that can explain the low ampli¢cation yield or the PCR failures, shown especially in the mycorrhiza analyses.
In conclusion, the results reported in this study reveal the real causes of the high risk of PCR failure when using ITS1 and ITS4, and indicate that two other pairs of primers can be used for more e¤cient ampli¢cation of the ITS region.
